Cryptococcus neoformans is a fungal pathogen that causes serious disease in immunocompromised individuals. The organism produces a distinctive polysaccharide capsule that is necessary for its virulence, a predominantly polysaccharide cell wall, and a variety of protein-and lipid-linked glycans. The glycan synthetic pathways of this pathogen are of great interest. Here we report the detection of a novel glycosylphosphotransferase activity in C. neoformans, identification of the corresponding gene, and characterization of the encoded protein.
Fungi generate a wide variety of glycans, many of which differ from those of higher eukaryotes. In pathogenic fungal species, these unique structures and their synthetic pathways represent possible drug targets. One example of these distinctive cellular glycans is the extensive polysaccharide capsule of the basidiomycete, Cryptococcus neoformans. An environmental yeast, C. neoformans can be isolated from soil, avian excreta, and certain trees, but it is also capable of causing disease in mammals following the inhalation of spores or small yeast cells (1) . C. neoformans is typically neutralized within the lung by the immune system without any symptomatic evidence of infection. Under conditions of compromised host immunity, however, the organism may disseminate from its primary site of infection in the lungs to more distal sites in the body, demonstrating a particular tropism for the central nervous system. If C. neoformans reaches the brain, it can form lesions called cryptococcomas and cause a meningoencephalitis that is fatal if not treated.
Although other yeasts bear polysaccharide capsules, members of the C. neoformans species complex are the only known pathogenic fungi with this feature. The capsule, which is required for virulence (2) , is primarily composed of two polysaccharides: glucuronoxylomannan (3) and glucuronoxylomannogalactan (4, 5) . In addition to this distinguishing structure, C. neoformans synthesizes a diverse array of glycans, which differ from those of its mammalian host as well as the "model" yeast Saccharomyces cerevisiae. For example, the core oligosaccharide of N-glycans is truncated in C. neoformans such that it lacks the three terminal Glc residues present on the same structure in most eukaryotes, including S. cerevisiae and mammals (6) . Cryptococcal O-glycans also differ from the oligomannose structures found in S. cerevisiae (7) ; studies in the environmental yeast Cryptococcus laurentii have identified O-glycans that are branched and contain Gal, xylose (Xyl), 3 and mannose (Man) residues (8) . These oligosaccharides are thus more like mammalian O-glycans in complexity, although the array of components is quite distinct (9) . In addition, some glycan structures found in fungi do not have an equivalent in mammalian cells, such as the lipid-linked glycosylinositol phosphorylceramides (GIPCs). In S. cerevisiae, GIPCs contain only a single Man residue, whereas cyptococcal GIPCs contain residues of Man, Xyl, Gal, and glucosamine (10) . Despite the obvious significance of glycan biosynthetic pathways as potential drug targets among pathogenic fungi, however, few have been studied in detail.
In order to investigate glycan biosynthesis, our laboratory studies the central enzymes in these pathways, known as glycosyltransferases. These enzymes generally catalyze the transfer of a monosaccharide moiety from an activated sugar donor to a specific acceptor molecule, forming a particular linkage. Donors of sugar molecules can include nucleotide mono-and diphosphosugars, sugar phosphates, and dolichol-linked sugars; proteins, lipids, and other saccharides can all serve as acceptors in transferase reactions. Glycosyltransferases are divided into families based on their tertiary structure and catalytic mechanism, including their requirements for metal ion cofactors (11) . Conservation in sequence at the amino acid level occurs only between some closely related glycosyltransferases.
We are particularly interested in the addition of Xyl residues to the cellular glycans of C. neoformans. This stems from a series of studies on the synthesis of UDP-Xyl, the Xyl donor in eukaryotic cells, which is formed upon the decarboxylation of UDP-glucuronic acid (UDP-GlcA) by Uxs1p. The cryptococcal gene encoding Uxs1p was identified in our laboratory (12) . Deletion of UXS1 in C. neoformans yields a strain that generates no UDP-Xyl (13) ; as a consequence, isolated glucuronoxylomannan contains no detectable Xyl (14) , capsule fibers appear short and thickened when viewed by electron microscopy (13) , and cellular GIPCs lacks Xyl and are truncated (15, 16) . Importantly, uxs1⌬ strains are avirulent in a murine model of cryptococcal infection (14) , indicating that the incorporation of Xyl residues into cellular glycans is required for C. neoformans to cause disease. This compelling result led us to investigate xylosyltransferases in C. neoformans.
In this report, we document the discovery of a novel xylosyltransferase activity in C. neoformans that generates a highly unusual product, xylosylphosphomannose. Below, we describe the initial identification of this activity, our determination of the corresponding gene, and our characterization of this unique and intriguing enzyme.
EXPERIMENTAL PROCEDURES

Materials-DNA polymerases (Taq and AccuPrime
TM Pfx) and oligonucleotides used for PCR (supplemental Table 1 H]N-acetylglucosamine (34.8 Ci/mmol) were from American Radiolabeled Chemicals. ␣-1,2-D-Mannobiose and ␣-1,6-Dmannobiose were from Sigma; ␣-1,3-D-mannobiose was from Carbohydrate Synthesis (Oxford, UK); ␣-1,4-D-mannobiose was from V-Labs. Restriction enzymes were from New England BioLabs. Unless specified, all other chemicals or reagents were obtained from Sigma.
Strains and Cell Growth-C. neoformans strains (Table 1) were grown in liquid culture at 30°C in YPD medium (1% (w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) dextrose) with shaking (230 rpm) or at 30°C on YPD agar plates (YPD medium with 2% (w/v) agar). As appropriate, media included 100 g/ml nourseothricin (NAT; Werner BioAgents) or Geneticin (G418; Invitrogen). For RNA interference (RNAi) studies, strains were cultured at 30°C in Gal-5FOA minimal medium (1.34% (w/v) yeast nitrogen base without amino acids, 2% (w/v) galactose, 0.087% (w/v) complete dropout mix without uracil, 1.2% (w/v) uracil, 1 mg/ml 5-fluoroorotic acid, 1 mM NaOH) or at 30°C on Gal-5FOA agar plates (Gal-5FOA minimal medium with 2.5% (w/v) agar). Genetic crosses were performed at room temperature on V8 agar plates (5% (v/v) V8 juice, 0.05% KH 2 PO 4 , pH 7.0, 4% (w/v) agar).
Escherichia coli strains were grown in liquid culture at 37°C in LB medium (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl) with shaking (250 rpm) or at 37°C on LB agar plates (LB medium with 2% (w/v) agar). As appropriate, media included 100 g/ml ampicillin or 60 g/ml kanamycin.
Total Membrane Preparation and Detergent Extraction-For membrane preparation and detergent extraction, all steps were performed at 4°C. C. neoformans was cultured overnight in 50 ml of YPD to late log phase (ϳ1 ϫ 10 8 cells/ml), harvested by centrifugation (3,000 ϫ g; 10 min), and washed in 40 ml of Tris-EDTA buffer (100 mM Tris-HCl, pH 8.0, 0.1 mM EDTA). The washed cell pellet was resuspended in an equal volume of Tris-EDTA buffer, and 800-l aliquots were transferred to 2-ml screw-cap microcentrifuge tubes. Samples were bead-beaten with 800 l of 0.5-mm glass beads (BioSpec Products) in 1-min bursts on a Mini-Bead Beater (BioSpec Products), alternating with 2 min on ice. Once ϳ75% of the cells were disrupted (as assessed by microscopy), the lysate was transferred to a 15-ml conical tube, and the glass beads were rinsed with 800 l of Tris-EDTA buffer; this buffer and three more rinses were pooled with the lysate. The pooled material was subjected to a clearing centrifugation step (1,000 ϫ g; 20 min), and the resulting supernatant fraction was transferred to an ultracentrifuge tube. Total membranes were isolated by ultracentrifugation (60,000 ϫ g; 45 min), resuspended in 50 -200 l of Tris buffer (100 mM Tris-HCl pH 8.0), and stored at 4°C. Protein concentrations of the total membrane samples were determined using the Bio-Rad protein assay.
For detergent extraction, Triton X-100 was added to the membranes to a final concentration of 1%, and the sample was incubated on ice for 30 min with vortex mixing every 5 min. Particulate material was removed by ultracentrifugation (75,000 ϫ g; 30 min), and the supernatant was stored at 4°C. Protein concentrations of the detergent-extracted cellular membrane samples were determined using the Bio-Rad detergent-compatible protein assay.
For substrate titration studies, Triton X-100 extracts were prepared in bulk to minimize any variability in manganese-dependent xylosyltransferase activity levels between membrane preparations. Detergent extracts were prepared as above from a 1-liter culture of KN99␣ cxt1⌬ cxt2⌬; glycerol was added to a final concentration of 15%, and the material was stored in aliquots at Ϫ80°C. For xylosyltransferase reactions, an aliquot of this extract was thawed at 37°C and immediately placed on ice. Glycerol was removed by subjecting the sample to two rounds of 10-fold dilution with Tris Buffer and concentration using an Hance spray (PerkinElmer Life Sciences), and radiolabeled products were visualized by autoradiography.
Isolation of the Manganese-dependent Reaction ProductXylosyltransferase reactions using Triton X-100 extracts of CAP67 cxt1⌬ membranes were performed with 0.5 M UDP-[ 14 C]Xyl plus 14.7 mM non-radioactive UDP-Xyl and incubated at 20°C for 36 h. Samples were processed and resolved by TLC as above, and the product of interest was localized using a System 200A imaging scanner (Bioscan Inc.). The appropriate region of silica was scraped from the plate, and the product eluted from the silica with water and purified using an EnviCarb solid phase extraction column (Supelco) as in Ref. 17 .
Additional Product Analysis-For some studies, the products of standard xylosyltransferase reactions were treated with or without acetic acid (final concentration of 1%) at 100°C for 1 h. For others, samples were incubated at 25°C overnight with or without jack bean mannosidase (final concentration of 21 g/ml in 150 mM citric acid, pH 5.0). Treated samples were resolved by TLC and visualized by autoradiography as above. H gCOSY, and two-dimensional 1 H-1 H TOCSY spectra were acquired at 25°C on a Varian Unity Inova 500-MHz spectrometer (Varian Inc.), using standard acquisition software available in the Varian VNMR software package. Proton chemical shifts were referenced to internal acetone (␦ ϭ 2.225 ppm).
Electrospray Ionization Mass Spectrometry-Mass spectrometry was performed in both positive and negative ion modes on a linear ion trap (LTQ; Thermo Fisher Scientific), with sample introduction via direct infusion in 50% methanol in water (for the native manganese-dependent xylosyltransferase reaction product) or 100% methanol (for the permethylated manganese-dependent xylosyltransferase reaction product) and sample concentration of ϳ100 ng/l.
RNAi Targeting-The construct for RNAi in C. neoformans, pIB103, is diagrammed in supplemental Fig. 1 ; its construction is described elsewhere. 4 The plasmid contains two opposing pairs of promoters and terminators cloned from the GAL7 locus (NCBI accession number U16994) flanking a ϳ250-bp fragment of the URA5 gene (NCBI accession number AF140188). Bidirectional transcription across this segment produces double-stranded RNA that effectively silences URA5, allowing cell growth in the presence of 5-fluoroorotic acid. I-SceI digestion linearizes the plasmid while exposing telomeric sequences (18) .
To isolate total RNA, an overnight culture of the C. neoformans strain JEC21 was harvested by centrifugation (3,000 ϫ g; 10 min) and washed with 50 ml of diethylpyrocarbonatetreated water; the pellet was frozen in a dry ice/methanol bath and lyophilized overnight. Four milliliters of 0.5-mm glass beads were added to the dried pellet, and the sample was beaten to a fine powder using a vortex mixer, mixed with 4 ml of TRIzol (Invitrogen), and incubated at room temperature for 5 min. Next, the sample was mixed with 800 l of chloroform, incubated at room temperature for 3 min, and centrifuged at 3,000 ϫ g for 30 min. The upper aqueous phase was mixed with an equal volume of 70% ethanol and applied to an RNeasy Maxi column (RNeasy Maxi Kit, Qiagen). Total RNA was isolated according to the manufacturer's protocol and used to generate cDNA using the Superscript TM first strand synthesis system for reverse transcription-PCR (Invitrogen).
Two regions of XPT1 (nucleotides 724 -1267 and 2551-2966) were targeted for RNAi. Each was PCR-amplified from JEC21 cDNA using primer pairs that introduced SpeI restriction sites at both ends (CNJ001/CNJ002 and MCR035/ MCR036). When the CNJ001/CNJ002 amplicon was cloned into the pCR2.1-TOPO vector (TOPO TA Cloning Kit, Invitrogen) it formed the plasmid TOPO XPT1 RNAi, which was then transformed into TOP10 E. coli cells. The pTOPO XPT1 RNAi and pIB103 plasmids were isolated and digested with SpeI; the latter was also treated with calf intestinal alkaline phosphatase (Fisher). The RNAi target insert and the linearized vector were purified, and the fragments were ligated with T4 DNA ligase (Roche Applied Science) to form the XPT1 RNAi construct pXTP1i, which was then transformed into DH5␣ E. coli cells (Invitrogen).
Purified pXPT1i was linearized with I-SceI and transformed into the C. neoformans strain CAP67 cxt1⌬ by electroporation (19) . Colonies were selected on YPD G418 agar and then screened for growth on Gal 5-fluoroorotic acid agar.
Confirmation of the XPT1 Transcript-The coding sequence of XPT1 was PCR-amplified in overlapping fragments using primers directed against predicted exon sequences (C. neoformans var. grubii H99 data base maintained by the Broad Institute), and cDNA were generated as above but from strain KN99␣. The resulting DNA segments were cloned into the pCR2.1-TOPO vector and sequenced. The 5Ј-and 3Ј-UTRs of the XPT1 transcript were verified using the GeneRacer TM kit (Invitrogen). The XPT1 transcript sequence has been submitted to the NCBI data base (accession number GQ403790).
XPT1 Deletion Strain and Complementation-Regions of ϳ1 kb immediately 5Ј to the start codon of XPT1 (5Ј-UTR) and immediately 3Ј to the stop codon of XPT1 (3Ј-UTR) were PCRamplified from KN99␣ genomic DNA prepared as in Ref. 20 using the primer pairs MCR063/MCR101 and MCR104/ MCR068, respectively. The NAT resistance cassette (NAT R ) was amplified from the plasmid pGMC200-MCS (13) by PCR using primers MCR102 and MCR103. To form the XPT1 deletion (xpt1⌬) construct, the purified 5Ј-UTR, NAT R , and 3Ј-UTR amplicons were assembled into a single sequence by overlap PCR (21) using primers MCR069 and MCR070.
The xpt1⌬ construct was biolistically transformed into KN99␣ cells (22) . Genomic DNA was prepared from NATresistant transformants and screened by PCR for loss of the native XPT1 locus and presence of the xpt1⌬ construct. Finally, candidate deletion strains were confirmed by Southern blot analysis (23) . Verified KN99␣ xpt1⌬ strains were crossed to KN99a on V8 agar as described in Ref. 24 , and the resulting spores were plated on YPD NAT plates; a NAT R MATa progeny strain was then back-crossed to KN99␣. This crossing procedure (switching mating type) was repeated three times with spore selection on YPD NAT plates. The progeny of two independent KN99␣ xpt1⌬ strains were confirmed to lack Xpt1p activity and used for further study.
For plasmid-based complementation of the xpt1⌬ strain, XPT1 with ϳ1 kb of flanking sequence on either side was PCRamplified using primers MCR063 and MCR068 from KN99␣ genomic DNA prepared as above. The amplicon was cloned into the PCR-XL-TOPO vector (TOPO XL PCR Cloning Kit; Invitrogen) to form the plasmid pXL-TOPO XPT1, which was then transformed into TOP10 E. coli cells, purified, and sequenced to ensure that no errors were introduced during PCR. Confirmed XPT1 was released from pXL-TOPO XPT1 by digestion with SpeI and XbaI, blunted with T4 DNA polymerase (from New England Biolabs), and cloned into KpnI-digested and calf intestinal alkaline phosphatase-treated pIB103; the resulting pXPT1 plasmid was then transformed into DH5␣ E. coli cells. pXPT1 was isolated, linearized with I-SceI, and transformed into the C. neoformans strain KN99␣ xpt1⌬ by electroporation (25) . Genomic DNA prepared from G418-resistant transformants was screened by PCR and candidate KN99␣ xpt1⌬ pXPT1 clones were assayed for recovery of xylosyltransferase activity as above.
Generation of Epitope-tagged XPT1 Strains-Xpt1p was epitope-tagged by replacing a region extending from the middle of the gene through the 3Ј-UTR with the same sequences modified to incorporate HA at the C terminus. The replacement cassette was created by overlap PCR (21) , which combined two PCR products: a ϳ1.5-kb region immediately 5Ј to the stop codon of XPT1 (PCR-amplified from the plasmid pXL-TOPO XPT1 using the primer pair MRC127 and MCR120) and a ϳ650-bp region including and immediately 3Ј to the stop codon of XPT1 (PCR-amplified from pXL-TOPO XPT1 using the primer pair MCR121 and MCR149). Primers MCR120 and MCR121 each introduced sequence encoding the HA epitope, enabling fragment joining by overlap PCR using primers MCR127 and MCR149. The resulting product and pXL-TOPO XPT1 were both digested with SacII and NheI; the insert and the linearized vector were purified, and the fragments were ligated with T4 DNA ligase to form pXL-TOPO XPT1-HA, containing the complete and tagged sequence. This was transformed into DH5␣ E. coli cells and confirmed by sequencing.
To express XPT1-HA in C. neoformans, the complete tagged sequence was released from pXL-TOPO XPT1-HA by digestion with SpeI and XbaI, blunted with T4 DNA polymerase, and cloned into KpnI-digested and calf intestinal alkaline phosphatase-treated pIB103. The resulting pXPT1-HA plasmid was linearized with I-SceI and transformed into the C. neoformans strain KN99␣ xpt1⌬ by electroporation (25) . G418-resistant transformants were screened by PCR, and candidate KN99␣ xpt1⌬ pXPT1-HA clones were assayed for recovery of xylosyltransferase activity as above.
Immunoprecipitation Studies-Detergent extracts of total membranes from KN99␣ xpt1⌬ pXPT1 and KN99␣ xpt1⌬ pXPT1-HA were prepared as above. Total protein (5 mg) was rotated at 4°C for 1 h with 50 l of anti-HA MicroBeads from the MACS TM HA epitope tag protein isolation kit (Miltenyi Biotec) in a total of 500 l of Tris-EDTA buffer. The samples were then applied to Columns placed in the magnetic field of a MACS Separator, and the columns were washed with 200 l of Tris buffer five times. The Columns were removed from the magnetic field of the MACS separator, and 100 l of Tris buffer was applied to each column to elute the anti-HA MicroBeads and associated material. The eluates were assayed for xylosyltransferase activity as above.
RESULTS
Xylosyltransferase Activities in C. neoformans-We are interested in identifying and characterizing glycosyltransferases that synthesize the unique glycan structures of C. neoformans in order to better understand these fungus-specific processes. We have focused in particular on the transfer of Xyl residues because of the requirement for this moiety in virulence (14) . In one assay of Xyl modification, we monitored the transfer of (Fig. 1, compare lanes  1 and 3) ; the slower migrating product (filled arrowhead) additionally required MnCl 2 for its formation (Fig. 1, compare lanes  1 and 2) . CAP67, an acapsular strain mutated in the CAP59 gene (26) , was used here because these cells are more readily lysed than wild-type. Deletion of CAP59 or several other genes (CAP10, -60, and -64) (27) (28) (29) that are required for capsule synthesis and suggested to be glycosyltransferases (30) did not affect the formation of either product (data not shown).
In previous work, we identified a protein responsible for the formation of the majority of the manganese-independent product (Fig. 1, open arrowhead) as Cxt1p (17) . Deletion of the corresponding gene (CXT1) significantly reduced this signal (Fig.  2, compare lanes 2 and 4) . The small amount of similarly migrating product seen in a cxt1⌬ strain is generated by a related enzyme, Cxt2p, 5 and disappeared in a cxt2⌬ strain (Fig.  2, compare lanes 4 and 8) . In this investigation, we focused on the activity responsible for forming the manganese-dependent assay product (Fig. 2, filled arrowhead) . The migration of this product in our TLC system differed significantly from that of the Cxt1p/Cxt2p product (open arrowhead), indicating that the carbohydrate structure is not the same. Further, the manganese requirement for its formation suggested that it is made by a distinct enzymatic activity. To confirm this hypothesis, we assessed formation of the lower mobility material in strains deleted for CXT1 and CXT2. As shown in Fig. 2 (compare lanes  1 and 7) , these deletions did not compromise formation of the manganese-dependent product but rather enhanced it, presumably by eliminating competition for the reaction donor or substrate. Targeting other members of the Cxt1p enzyme family (31) by RNAi also failed to alter production of the Xpt1p product (data not shown). These studies confirmed the novelty of the activity under investigation. The increased formation of the manganese-dependent product by cxt1⌬ membranes also suggested that these cells would be useful in additional studies; this strain is used in several experiments below.
The manganese-dependent xylosyltransferase product was formed over a broad pH range (4 -7) and at temperatures of 4 -30°C (data not shown). For our assays, we generally used pH 6.5, since that also allowed for efficient formation of the Cxt1p/ Cxt2p product as a convenient internal control for membrane activity. Standard assays were performed overnight at 20°C to maximize product yield.
Manganese-dependent Xylosyltransferase Product AnalysisIn our standard assay, the Cxt1p and Cxt2p activities generated a trisaccharide product of Xyl-linked ␤-1,2 to the reducing Man of the ␣-1,3-Man 2 (17) . 5 The manganese-dependent xylosyltransferase product migrated nearer to the TLC plate origin than the Cxt1p/Cxt2p trisaccharide in our solvent system (Fig.  1, lane 1) . This behavior suggested that the manganese-dependent product was more polar but was also potentially consistent with products that differ only with respect to the linkage of the Xyl residue to ␣-1,3-Man 2 . To determine the structure of the manganese-dependent product, the reaction was scaled up, and the product was recovered from the TLC plate as described under "Experimental Procedures." Glycosyl composition analysis by GC/MS was consistent with material containing Man and Xyl in a 2:1 ratio (data not shown), as would be expected for the addition of a single Xyl residue to the ␣-1,3-Man 2 acceptor substrate. Surprisingly, the 1 H NMR spectrum of the product (Fig. 3) did not exhibit a simple doublet resonance corresponding to H-1 of an added ␤-Xyl residue anywhere near the chemical shift (4.3-4.6 ppm) expected for this scenario. Instead, in addition to the expected resonances for the dimannosyl substrate, a doublet of doublets resonance was detected far downfield at 5.471 ppm (J ϭ 3.6, 6.9 Hz). A possible explanation was suggested by comparison with our published spectrum of UDPXyl (12), which showed a similar doublet of doublets signal for H-1 of the ␣-Xyl-1-O-phosphate residue at 5.517 ppm ( 3 J 1,2 ϭ 3.5 Hz and 3 J 1,P ϭ 7.0 Hz). The nearly identical splitting pattern in the manganese-dependent xylosyltransferase product indicated that it included an ␣-Xyl-1-O-phosphate, presumably derived from UDP-Xyl, linked to the dimannose substrate.
The presence of phosphate in the manganese-dependent xylosyltransferase product was confirmed by positive mode Only the relevant region of the TLC plate is shown; no signal was detected in other regions beyond minor amounts of free Xyl (see Fig. 1 ). Symbols are as in Fig. 1 . electrospray ionization mass spectrometry in a linear ion trap; an abundant ion was observed in MS 1 at m/z 599, consistent with a molecular salt/adduct ion (M(Na) ϩ Na) ϩ corresponding to Man 2 Xyl ϩ P (where P represents phosphate ester; data not shown). Furthermore, in the negative mode analysis, a deprotonated molecular ion (M Ϫ H) Ϫ was observed abundantly at m/z 553 (Fig. 4A) , consistent with a molecular mass of 554 units for the product; this is 98 units more than that expected for the trisaccharide alone, again consistent with the presence of phosphate. In the MS 2 spectrum of m/z 553 (Fig. 4B) , the major product ion was observed at m/z 391, consistent with a loss of one Man residue, leaving Xyl-P-Man. Structurally significant product ions were observed in pairs at m/z 259/241 and m/z 229/211; the same products were observed in an MS 3 spectrum acquired by isolation and activation of the m/z 391 fragment generated in MS 2 (Fig. 4C) . These product ions correspond to (Man-P)
Ϫ product pairs, respectively, which can only be generated if the Man and Xyl residues share the same phosphate residue via a phosphodiester linkage. Consistent with this assignment, treatment of the manganese-dependent xylosyltransferase product with mild acid resulted in the release of free [ 14 C]Xyl due to hydrolysis of the phosphate bond (data not shown).
Neither positive nor negative mode ion mass spectra yielded information regarding the specific hydroxyl of either Man residue to which the Xyl-P is linked. However, analysis of twodimensional 1 H-1 H NMR spectra (gCOSY and TOCSY; data not shown) supported linkage of the phosphate to the 6-hydroxyl of the nonreducing Man residue. First, long range TOCSY cross-peaks showed the complex resonance observed at 4.211 ppm (Fig. 3) to be in the same spin system as the H-1 centered at 5.116 ppm; this was observed as a pair of closely overlapping doublets, which clearly belong to the non-reducing terminal Man, slightly perturbed by the equilibrium exchange between the ␣-and ␤-anomers of the reducing terminal Man (␤-anomer H-1 at 4.925 ppm, 3 J 1,2 ϭ 0.9 Hz; ␣-anomer H-1 at 5.149 ppm, 3 J 1,2 ϭ 1.9 Hz). Second, connectivity analysis of this resonance showed it to be one of the exocyclic H-6 resonances of the Man residue in question. Third, analysis of the splitting pattern of this resonance showed one more coupling than expected for a Man H-6 resonance; in other words, like the ␣-Xyl H-1, it exhibited an additional coupling with the phosphate atom ( 3 J 6,P ϭ 5.8 Hz, whereas 3 J 5,6 ϭ 2.0 Hz and 2 J 6,6 ϭ 11.3 Hz). Finally, along with the additional coupling, the far downfield shift of this resonance compared with its position in the spectrum of the unmodified dimannose substrate (e.g. We also treated the manganese-dependent xylosyltransferase product with a mannosidase isolated from jack bean known to release non-reducing terminal mannoses from ␣-1,2, ␣-1,3, or ␣-1,6 linkages (32). This treatment did not affect the manganese-dependent xylosyltransferase product, although it did cleave the ␣-1,3-Man 2 substrate when it was modified on the reducing mannose (as in the Cxt1p activity product; data not shown). This further supported the linkage of the Xyl-P to the non-reducing mannose of the ␣-1,3-Man 2 substrate. In sum, our results indicated that the product of the manganesedependent xylosyltransferase activity is Xyl-␣-1-phosphate-6-Man-␣-1,3-Man, and the enzyme responsible was a xylosylphosphotransferase (Xpt1p).
Identification of XPT1-To determine the enzyme responsible for the manganese-dependent xylosylphosphotransferase activity, we looked to potentially related enzyme sequences for clues. We first reviewed the literature for reports of glycosylphosphotransferases from other organisms and then compared the sequences of these enzymes with the genome of C. neoformans (C. neoformans var. neoformans JEC21 data base, maintained by The Institute for Genomic Research). As shown in Table 2 , the four probe sequences identified five candidate loci with widely varying degrees of homology. Each of the candidate sequences was targeted by RNAi in CAP67 cxt1⌬, a strain with both the manganese-dependent Xpt1p activity and the Cxt2p activity. In the presence of an empty RNAi vector containing no target gene sequence (pRNAi), products of both enzymes were detected in standard assays (Fig. 5, lanes 1 and 2) . Excitingly, RNAi targeting sequence from one candidate locus (XP_567569), a weak homolog of the ␣/␤ subunit of the human GlcNAc-1-phosphate transferase, eliminated all detectable Xpt1p product (Fig. 5, lane 3) , whereas the Cxt2p product was unaffected. A second RNAi construct directed against an inde- pendent region of the same target locus caused a similarly striking reduction in the manganese-dependent xylosyltransferase activity (data not shown); this demonstrated that the decrease in Xpt1p activity was due to reduced transcription of the targeted gene and was not the result of off-target interference. Targeting the other four candidate loci, including one encoding a predicted protein with 32% homology to Xpt1p (XP_567514), did not alter the generation of either the Xpt1p or Cxt2p products (data not shown). We concluded that the XP_567569 candidate locus probably encodes the Xpt1p activity and termed it XPT1.
The XPT1 locus was annotated as a hypothetical predicted protein in both The Institute for Genomic Research database of the JEC21 genome and the Broad Institute data base of the H99 genome. Several expressed sequence tag sequences corresponding to this locus had been reported, indicating that it was transcribed, but these did not represent the entire predicted transcript. To confirm the XPT1 transcript and the predicted Xpt1p sequence, we generated cDNA for sequencing and 5Ј-rapid amplification of cDNA ends and 3Ј-rapid amplification of cDNA ends of the XPT1 transcript. The encoded 864-amino acid Xpt1 protein sequence contains a single predicted transmembrane domain and demonstrated no significant homology to any known proteins or recognized protein domains.
Deletion of XPT1 and Episomal Complementation of the xpt1⌬ Strain-To confirm the association between XPT1 and the manganese-dependent xylosyltransferase activity, we replaced the XPT1 locus in the wild-type strain KN99␣ with a drug resistance cassette (see "Experimental Procedures"). Consistent with our RNAi studies, deletion of XPT1 yielded a corresponding loss of the manganese-dependent xylosyltransferase product (Fig. 6, compare lanes 1 and 3) . This loss of activity was observed in two independent deletion strains and was maintained through a series of back-crosses (data not shown), indicating that the change correlated with the deletion of XPT1 and was not due to unrelated alterations in the genome potentially generated during the transformation process (33) . Complementation of the KN99␣ xpt1⌬ strain by episomal expression of XPT1 under the control of its native promoter (pXPT1) restored the manganese-dependent xylosyltransferase activity to wild-type levels (Fig. 6, lane 5) .
Xpt1p Reaction Components-Several glycosylphosphotransferases have been described (34, 35) , but we are aware of no other reports of a xylosylphosphotransferase activity. For this reason, we investigated the specificity of the novel Xpt1p activity. Our standard Xpt1p reaction utilizes a UDP-[
14 C]Xyl donor, ␣-1,3-Man 2 acceptor, and MnCl 2 cofactor. The preference of the Xpt1p activity for each of these reaction components was assessed.
To explore the specificity of the Xpt1p activity for UDP-Xyl as the donor, we first performed standard xylosyltransferase reactions in the presence of non-radiolabeled nucleotide sugars or their components; membrane proteins were prepared from KN99␣ cxt1⌬ cxt2⌬ to prevent any competition from Cxt1p or Cxt2p activities. We were particularly interested in whether Xpt1p could use GDP-Man as a donor molecule given that transfer of sugar phosphate from this nucleotide sugar has been reported in S. cerevisiae (34) . As expected, the addition of increasing concentrations of unlabeled UDP-Xyl reduced formation of the radiolabeled Xpt1p product (Fig. 7A) . In contrast, no inhibition of the [ 14 C]Xyl product was seen in the presence of GDP-Man (Fig. 7B) , suggesting that Xpt1p does not utilize that donor. Inhibition of radiolabeled product formation was observed in the presence of UDP-Gal, UDP-Glc, UDP-GlcA, and UDP-GlcNAc, but the pattern of inhibition in each case was similar to that induced by UDP alone (data not shown). GDP alone did not inhibit Xpt1p activity; nor did monosaccharide Xyl (data not shown).
Although our competition studies indicated that Xpt1p does not utilize GDP-Man, we were unable to distinguish between the various UDP-sugars as potential donors because all were inhibitory (probably due to the shared UDP moiety). To further examine Xpt1p donor substrate specificity, we analyzed the products of transferase reactions in which UDP-[ 14 C]Xyl was replaced with other radiolabeled nucleotide sugars. To assess Xpt1p-dependent reaction products, we compared products from assays of membranes from XPT1 wild-type, mutant or complemented mutant strains (KN99␣, KN99␣ xpt1⌬, or KN99␣ xpt1⌬ pXPT1, respectively). Only those reactions in which UDP-[ 14 C]Xyl was supplied as a donor demonstrated any Xpt1p-dependent variation in the pattern of radiolabeled products (Fig. 8, lanes 1-3, filled arrowhead) Fig. 8 and data not shown) were dependent on the presence of Xpt1p. Together, these studies suggested specificity for UDP-Xyl as the reaction donor for Xpt1p.
Having identified UDP-Xyl as the preferred xylose donor in Xpt1p-mediated reactions, we considered the source of the phosphate moiety in the Xpt1p product. With other known glycosylphosphotransferases, the phosphate is derived from the nucleotide sugar donor (36) . It is possible, however, that the phosphate in the Xpt1p product is independently derived, in a step preceding xylose transfer, from some other compound present in the assayed membranes or extracts. To generate more pure material to test in our transferase assays, we added sequence encoding a C-terminal HA epitope tag to pXPT1 and isolated the tagged protein by magnetic immunoprecipitation methods (see "Experimental Procedures"). The addition of the HA epitope did not alter the overall activity of Xpt1p (Fig. 9 , compare lanes 1 and 3 and data not shown) and did mediate specific isolation of the manganese-dependent activity (Fig. 9,  compare lanes 5 and 7) . This demonstration of [
14 C]Xyl-P transfer mediated by affinity-purified protein strongly suggested that the phosphate moiety found in the Xpt1p product is derived from the UDP-[
14 C]Xyl donor. We next used a series of dimannose molecules to examine the acceptor preferences of Xpt1p. As with the donor specificity experiments above, xylosyltransferase reactions were prepared using membranes from KN99␣, KN99␣ xpt1⌬, or KN99␣ xpt1⌬ pXPT1; the standard ␣-1,3-Man 2 reaction substrate was replaced with various potential acceptors. We observed Xpt1p-dependent modification of the dimannose compounds ␣-1,2-Man 2 , ␣-1,4-Man 2 , and ␣-1,6-Man 2 in addition to the ␣-1,3-Man 2 acceptor used in our earlier experiments ( Fig. 10 and data Only the region of the TLC plate with the Xpt1p product is shown; no signal was detected in other regions. F, solvent front. FIGURE 8. Donor substrates of Xpt1p. Xpt1p activity assays were performed as in Fig. 2 , using total membranes from wild-type, mutant, or complemented mutant strains as indicated. All reactions contained ␣-1,3-Man 2 , MnCl 2 , and the radiolabeled nucleotide sugar donor indicated. Labels are as in Fig. 1, although the  arrowheads refer only to lanes 1-3; the identity of the radiolabeled products in lanes 4 -9 has not been determined.
the presence of MnCl 2 , some similarly migrating product was detected in the presence of both CoCl 2 and MgCl 2 (ϳ5 and ϳ15% of the MnCl 2 product, respectively; data not shown). Assays using other cations (CaCl 2 , CuCl 2 , Fe(II)Cl 2 , NiCl 2 , and ZnCl 2 ) did not yield any detectable product, and including EDTA in the reactions resulted in the absence of any detectable product regardless of which cation was present (data not shown). MnCl 2 was therefore the preferred metal ion cofactor of Xpt1p.
DISCUSSION
We have discovered a unique xylosylphosphotransferase activity in C. neoformans and the gene encoding it, which we named XPT1 (for xylosylphosphotransferase 1). This activity appears to be specific for UDP-Xyl, making it distinct from previously reported mannosylphosphotransferases and Nacetylglucosaminylphosphotransferases (34, 35) . The modification of Man with Xyl-P is novel; to our knowledge, this structure has not been reported in any biological system, nor have activities similar to those of Xpt1p been previously observed.
Our studies indicate that the Xpt1p is specific for UDP-Xyl. However, we cannot exclude the possibility that this enzyme can also utilize some uncommon UDP-sugar donor that we did not include in our test panel. Although there are no data to indicate that C. neoformans synthesizes any such donor, comprehensive studies have not been performed in this system. Additionally, our studies with affinity-purified protein suggest that the only reaction components needed for Xpt1p-dependent Xyl-P transfer are UDP-Xyl, a Man-containing substrate molecule, and MnCl 2 . This suggests that UDP-Xyl serves as the source for both the phosphate and the sugar moiety, as with the GlcNAc-1-phosphate transferase (36) .
The predicted 100-kDa protein encoded by XPT1 does not resemble other known xylosyltransferases and has no conserved domains as identified by either NCBI or other publicly available search engines. A cluster of hydrophobic amino acids at residues 83-103 of Xpt1p may comprise a transmembrane domain, consistent with the observed enrichment of the manganese-dependent xylosyltransferase activity in detergent extracts of cryptococcal membranes (data not shown). The Xpt1p sequence contains several possible DXD motifs, sites of metal ion binding commonly found in glycosyltransferases (37) . There are also potential N-and O-linked glycosylation sites present within the protein sequence (38) . Interestingly, Xpt1p demonstrates strong homology to hypothetical proteins found in the basidiomycetous fungi Postia placenta (brown wood rot; 28% identity overall) and Ustilago maydis (corn smut; 27% identity overall). Although no biological role or biochemical activity has been attributed to these two proteins, it is possible that they perform similar catalytic functions to Xpt1p. Overall, Xpt1p has extremely limited homology to proteins of known function. We identified its sequence based on a 43-amino acid stretch (residues 407-449 of Xpt1p) that is 38% identical to a region in the ␣/␤ subunit of UDPGlcNAc phosphotransferase. The UDP-GlcNAc phosphotransferase, which has an ␣ 2 ␤ 2 ␥ 2 subunit structure, catalyzes the initial step in the mannose-6-phosphate modification of lysosomal hydrolases that is necessary for targeting these proteins to the lysosome. The ␣ and ␤ subunits are encoded by a single gene and are thought to contain the catalytic portion of the protein (39) , whereas the ␥ subunit is encoded by a separate gene and is thought be a regulatory element (40, 41) . Based on our studies, Xpt1p cannot utilize FIGURE 9 . Xylosyltransferase activities of Xpt1p-HA. Xylosyltransferase activity assays were performed as in Fig. 2 . Samples were either detergent extracts from membranes of KN99␣ xpt1⌬ pXPT1 or KN99␣ xpt1⌬ pXPT1-HA prior to anti-HA affinity isolation or eluted material, as indicated. Fig. 8 . Assays with no acceptor show no radiolabeled products (see Fig. 1, lane 3) . F, solvent front.
UDP-GlcNAc as a donor. We propose that the region of homology between the ␣/␤ subunit of UDP-GlcNAc phosphotransferase and Xpt1p may be involved in sugar-phosphate transfer from a nucleotide sugar donor.
Kudo et al. (39) first speculated that a region of the ␣/␤ subunit of UDP-GlcNAc phosphotransferase (residues 321-432) "might be involved in the binding of nucleotide sugar or transfer of sugar phosphate" because of its similarity to sequence elements found in bacterial capsule polymerases. This possibility was revisited in a broad in silico analysis of predicted glycosyltransferases in pathogen genomes (42) . Several proteins identified by Sperisen et al. (42) in that study were previously implicated in the biosynthesis of exopolysaccharide phosphoglycans, although the functions of these proteins were indicated only by indirect association with a given phenotype rather than by functional assays. Among the identified hypothetical loci were two from C. neoformans, including XPT1. The region of homology between the ␣/␤ subunit of UDP-GlcNAc phosphotransferase and Xpt1p was included both within the potential domain described by Kudo et al. (39) and the conserved regions identified by Sperisen et al. (42) .
A key question for the future is the biological role of Xpt1p. As mentioned earlier, the cryptococcal cell contains a variety of glycan structures, several of which are unique to this pathogen. The best studied of these is the cryptococcal capsule, but analyses of the polysaccharide components of this structure have not indicated the presence of xylophosphomannose linkages (3) (4) (5) . Preliminary studies suggest that Xpt1p acts in the modification of cryptococcal proteins (data not shown), but further work will be required to elucidate the cellular function of this novel and intriguing enzyme.
